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ADDITION OF OXYGEN 7D AND DISTRIBUTION OF OXIDES IN 
TANTALUM ALLOY T-111 AT LOW CONCENIKATIONS 
by Stephan Stecura 
Lewis Research Center 

SUMMARY 

The T-111 alloy (Ta-8W-2Hf, wt %) was doped with oxygen at 820° and 990° C at an 
oxygen pressure of about 4x10 ^ newton per square meter (3xl0~^ torr). At low oxygen 
concentrations, doping was reproducible within 0.06 atomic percent, while at higher 
concentrations (up to 3 at. %) doping was reproducible within 0. 11 atomic percent. 
Based on the temperature dependency of the doping rates, the rate-controlling reaction 
is probably the solution of oxygen in T-111. At 820° C tungsten oxide (WO 3 ) formed on 
specimen surfaces but did not volatilize, and at 990° C tungsten oxide volatilized from 
the surfaces. The vaporization of WO 3 had no apparent effect on the doping reaction. 

Hardness traverses indicated large oxygen concentration gradients in specimens 
doped at both 820° and 990° C, the gradients being steeper in the 820° C specimens than 
in the 990° C specimens. A more uniform oxygen distribution was obtained after vac- 
uum annealing at 1320° C for 2 hours. 

Although hafnium oxides are more stable than those of tantalum or tungsten, anal- 
yses of extracted residues indicate that the tantalum and tungsten oxides predominate in 
the as-doped specimens, presumably because of the higher concentrations of tantalum 
and tungsten in the alloy. However, high-temperature annealing promotes gettering of 
dissolved oxygen and oxygen from other oxides to form a precipitate consisting primarily 
of halfnium oxides. Small amounts of tantalum and tungsten oxides also were present 
after high-temperature annealing. 


INTRODUCTION 

The fabricability, strength, and corrosion resistance of tantalum alloys make them 
attractive for space-power system applications (refs. 1 and 2). The T-111 alloy 
(Ta-8W-2Hf, in wt %) is particularly attractive since the presence of hafnium markedly 



improves its resistance to corrosion by liquid metal working fluids. The T-111 alloy 
has been studied for containment of isotopic oxide fuels for thermoelectric power gen- 
erators (ref. 3), for containment of the lithium working fluid in advanced nuclear space- 
power systems, and for high-temperature heat pipes (refs. 4 to 6). 

The T-111 alloy is readily contaminated by oxygen. This contamination affects 
both its mechanical and physical properties (refs. 7 and 8) and reduces its resistance 
to corrosion by lithium (ref. 7). Sessions and Devan (ref. 9), however, found that 
annealing oxygen-doped T-111 at 1300“ and 1600° C markedly improved its resistance 
to corrosion by lithium at 1000° C. 

The present study was undertaken to determine the nature of interactions in the 
oxygen - T-111 system and the resultant distribution of oxygen in T-111 as functions of 
previous heat treatment, oxygen doping temperature, and high -temperature annealing 
of oxygen-doped specimens. 


EXPERIMENTAL PROCEDURE 
Materials 

The starting T-111 and Ta-2Hf sheet materials were procured commercially on 
special order and had the compositions given in table I. The oxygen gas used in these 
doping experiments contained the following impurities (in ppm by wt): nitrogen, 5; 
argon, <1; xenon, <1; nitrous oxide (N2O), <1; and water, <1. 


Apparatus 

Doping of T-111 was conducted in the apparatus described by Barrett (ref. 11). 

The amount of oxygen introduced into the quartz doping chamber was measured by 
sensing the pressure at two separate points in an inlet orifice tube. This pressure dif- 
ferential was electronically integrated with time to produce a reading (in counts) pro- 
portional to the amount of oxygen entering the doping chamber and, hence, to the amount 
of oxygen picked up by the T-111 specimens. 

The estimated accuracy of temperature measurements in the resistance heated 
quartz tube furnace portion of this apparatus was about ±15° at 990° C. 


Procedure 

Coupons measuring 3. 8 by 2. 5 centimeters were machined from 0. 10-centimeter- 
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thick T-111 and Ta-2Hf sheet materials. The coupons were ultrasonically cleaned in a 
detergent solution and then etched either in solution A (55 parts cone. HgSO^, 25 parts 
cone. HNOg, and 20 parts of 49 wt % HF) or in solution B (10 parts cone. HgSO^, 

25 parts cone. HNOg, 15 parts of 49 wt % HF, and 40 parts distilled water). All speci- 
mens were subsequently thoroughly rinsed in distilled water and in ethyl alcohol and 
acetone. After cleaning the specimens were vacuum annealed at 1320° C for 2 hours, at 
1320° C for 2 hours followed by 930° C for 24 hours, or at 930° C for 24 hours. 

The specimens to be doped were suspended by platinum wires from a quartz speci- 
men holder in the doping furnace. The furnace was then evacuated to about 10~° newton 

rt 

per square meter (10" torr) and slowly heated to the doping temperature so that the 
pressure in the furnace did not exceed 7x10"^ newton per square meter (5x10"® torr) 
during heating. After stabilization for 1 hour at the doping temperature, low-pressure 
oxygen was admitted into the furnace through the instrumented orifice, and the coupons 
were doped at an oxygen pressure of 4x10 ^ newton per square meter (3x10 torr). 

After doping, some of the coupons were annealed at 1320° C for 2 hours at 10 ® 
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newton per square meter (10 torr). Selected specimens also were studied by X-ray 
diffraction, microhardness traverses, second-phase extraction and identification, 
polarized light optical microscopy, and transmission electron microscopy. 


RESULTS AND DISCUSSION 
Addition of Oxygen 

The data in figure 1 illustrate the uniformity of weight gain as a function of oxygen 
"counts” for the two temperatures employed in this study. Each point in figure 1 cor- 
responds to the weight gain by a separate set of four specimens. The maximum devia- 
tion of any point from the average was less than ±5 percent. At low oxygen concentra- 
tions (less than 1 atomic percent), doping was reproducible within 0. 06 atomic percent; 
at higher concentrations, up to 3 atomic percent, doping was reproducible within 0. 11 
atomic percent. 

It was assumed that weight gains by the T-111 coupons were due to oxygen pickup. 
This assumption was confirmed by comparing the inert-gas fusion analyses and the 
weight gains during dopii^ (table n). The small differences between oxygen contents 
obtained by these two methods are within the limits of experimental error. The data in 
table n also show that nitrogen and carbon contents did not change significantly with in- 
creasing oxygen content. Hydrogen content was consistently less than 0. 003 atomic 
percent. 

The data in figure 2 illustrate the effect of temperature on the doping reaction, the 
rate of oxygen pickup at 990° C being more rapid than that at 820° C. These curves 
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further show that specimens that were etched in different solutions or annealed at dif- 
ferent temperatures for various times before doping had similar rates of oxygen pickup 
at similar temperatures. Thus, specimen pretreatment had no detectable effect on the 
rate of oxygen pickup. 

Analyses of the weight gain curves in figure 2 indicate that the oxygen doping reac- 
tions at both 820° (up to 200 min) and 990° C are essentially linear with time. The data 
were fit to the equation 


w = kt" (1) 

2 

where w is weight gain (in mg/cm ), t is time, and k is a constant. Values for the 
exponent ”n" of 0. 89 and 0. 87 were obtained at 990° and 820° C, respectively. (Strict 
linearity would be indicated by n = 1. 00. ) 

Assuming the reactions to be linear and controlled by the same mechanism at both 
temperatures, a temperature dependency equivalent to an activation energy of 2. 43x10 
joules per gram mole (5. 8 kcal/g mol) is obtained. Since the activation energies for 
solution and for oxygen diffusion for T-111 are not available, data for unalloyed tantalum 
were used for comparison. Values for the activation energy for solution of oxygen in 
tantalum have been reported to be from 3. 37x10^ to 2. 43x10^ joule per gram mole 
(0. 9 to 5. 8 kcal/g mol) (refs. 12 to 14); the activation energy for oxygen diffusion is 
about 1. 13x10^ joule per gram mole (27 kcal/g mol) (ref. 15). Thus, comparing the 
data obtained in this study with data reported for tantalum, it is concluded that the addi- 
tion of oxygen to T-111 is probably controlled at least initially by the solution of oxygen 
rather than by diffusion of oxygen into T-111. 

The observed temperature dependence of the doping reaction also is in qualitative 
agreement with data reported by Inouye (ref. 16), who observed that oxygen weight gains 
by tantalum and niobium alloys increase with increasing doping temperature. However, 
Liu, Inouye, and Carpenter (ref. 3) reported that the oxygen doping rate of T-111 was 
insensitive to temperature between 825° and 1200° C but was proportional to oxygen 
pressure and inversely proportional to specimen thickness. Their observations con- 
cerning the temperature independence of oxygen pickup rates were not confirmed in the 
present study. 

Stringer and Dooley (ref. 17) observed that oxygen doping rates were affected sig- 
nificantly by the geometries of tantalum alloy specimens. The effect of specimen geom- 
etry on the doping reaction also was investigated briefly in the present study. Cylinders 
of T-111 were doped at both 820° and 990° C for comparison with doping rates of flat 
coupons. The weight gain as a function of time curves for cylindrical specimens were 
parallel to but slightly lower than the curves for flat coupons shown in figure 2. Thus, 
the results of Stringer and Dooley were confirmed here by the difference in weight gains 
between sheet and cylindrical specimens doped under similar conditions. 
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During the reaction of T- 111 with oxygen at 990° C, a white condensate formed on 
the walls of the quartz furnace tube. This condensate was subsequently identified by 
X-ray diffraction as WOg. The amount of tungsten lost as WOg during each run was 
very small, since many sets of specimens had to be doped in order to recover a suf- 
ficient amount of this condensate for analysis. No condensate was observed after doping 
at 820° C. 

A binary tantalum alloy, Ta-2Hf, also was doped at 820° and 990° C and an oxygen 
pressure of 4x10”^ newton per square meter (3xl0‘^ torr) for comparison with T-111. 
The weight gain as a function of time curves for this alloy are shown in figure 3. It 
was observed that at 990° C the rate of oxygen pickup by Ta-2Hf is essentially the same 
as that shown for T-111 in figure 2. However, the rate of oxygen pickup by Ta-2Hf at 
820° C is about 25 percent greater than that for T-111. Thus, comparison of the doping 
reactions of T-ill and Ta-2Hf suggests that tungsten in T-111 decreases the reaction 
rate at 820° C but has no significant effect at 990° C. The data in figure 3 also show 
that vacuum annealing of Ta-2Hf at 1320° C for 2 hours before doping had no detectable 
effect on the rate of oxygen pickup. 

The temperature dependence of the oxygen doping reaction also was calculated for 
Ta-2Hf. This temperature dependence corresponded to an activation energy of 7. 11x10^ 
joules per gram mole (1. 7 kcal/g mol), much less than for T-111. However, the 
linearity of the reaction and general magnitude of the calculated activation energy sug- 
gest that oxygen dissolution also is rate controlling for at least the initial portion (up to 
300 min) of the doping reaction for this alloy. 


Distribution of Oxygen 

Microhardness . - The temperature at which oxygen was added and subsequent heat 
treatments at 1320° C significantly affected the distribution of oxygen in T-111. Micro- 
hardness traverses (fig. 4) show that the oxygen concentration decreases significantly 
with increasing depth in T-111 after doping at 820° C. Similar results were obtained 
for specimens doped at 990° C (fig. 5), although the hardness gradients were flatter in 
these specimens than in the specimens doped at 820° C. These data indicate that the 
distribution of oxygen in doped T-111 is diffusion controlled under conditions where the 
overall doping reaction is linear and probably controlled by lattice dissolution of oxygen. 

Surface hardness increases rapidly with total oxygen content up to 1. 38 atomic per- 
cent at 820° C, but increases only slightly with further increases in oxygen content. 

This behavior suggests that at average oxygen concentrations of about 1. 38 atomic per- 
cent the surface becomes saturated with oxygen at 820° C. Under these conditions the 
time dependence of the overall doping reaction could change from linear to parabolic. 
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resulting in deviations from linearity such as observed at 820° C after 200 minutes 
(fig- 2). ^ 

It was further observed that doped specimens vacuum annealed at 1320 C for 2 
hours had a lower and more uniform hardness distribution (fig. 6) than the nonannealed 
specimens (fig. 4). The uniformity of hardness reflects diffusional homogenization of 
dissolved oxygen during annealing, while the lower hardness indicates a lower concen- 
tration of dissolved oxygen. 

X-ray diffraction analyses of specimen surfaces . - Lattice dissolution of oxygen in 
doped T-111 was established by X-ray diffraction, which showed that the lattice param- 
eters increased with increasing oxygen content. These data also showed that annealing 
of oxygen-doped specimens at 1320° C for 2 hours reduced the lattice parameters for 
specimens doped to low oxygen contents to about the value for undoped T-111. The lat- 
tice parameters for specimens doped to high oxygen contents were decreased to slightly 
below the value for undoped T-111 by annealing at 1320° C. The decrease in lattice 
parameters with increasing oxygen content for these doped and annealed specimens is in 
agreement with observations by Liu, Inouye, and Carpenter (ref. 3) and Harrison and 
Hoffman (ref. 8). This decrease is attributed to removal of hafnium from solution 
through the formation of HfOg precipitate during high-temperature annealing, as sug- 
gested by Liu, Inouye, and Carpenter (ref. 3). Part of this decrease may be due also 
to removal of tungsten through the formation of volatile tungsten oxide or precipitation 
of tungsten oxide in the matrix. 

The X-ray diffraction patterns from surfaces of specimens doped at 820° C also 
showed peaks corresponding to a tungsten oxide (Wj^gO^g). No tungsten oxide peaks 
were observed on surfaces of specimens doped at 990° C or annealed at 1320 C for 
2 hours, reflecting the vaporization of WOg from these specimens. 

Metallographic studies . - Light optical microscopy studies of oxygen- doped speci- 
mens showed that chemical etching in some cases did not reveal second-phase oxide 
precipitates or only partially revealed grain boundaries and thus was unreliable. In 
contrast, cathodic etching revealed the microstructures quite adequately. Furthermore, 
optical polarized-light microscopy and transmission electron- replica microscopy pro- 
vided more details than light optical microscopy. Consequently, optical polarized-light 
and transmission electron-replica microscopy studies were done on cathodically etched 
specimens. 

Observations on doped T-111 specimens under polarized light revealed no second 
phase in the undoped T-111 (containing 0. 06 at % oxygen) in either the as-received or 
annealed condition. However, a second phase was observed in all specimens doped with 
oxygen at 820° or 990° C. The photomicrographs in figure 7 illustrate the second 
phase (white dots) and also show that the amount of second phase increases with increas- 
ing oxygen content in specimens doped at 820° C. The density of particles also de- 
creased with increasing distance from the surface, further indicating a diffusion- 
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controlled transport mechanism as deduced from hardness traverses. Similar results 
were obtained with specimens doped at 990° C. 

Transmission electron replica microscopy of cathodically etched specimens also 
was used to characterize the microstructures of oxygen-doped T-111. A micrograph of 
a specimen doped at 820° C and containing 0. 65 atomic percent oxygen shows both large 
and small intr agranular second- phase particles (fig. 8). Such particles were also ob- 
served along the grain boundaries. A very unusual arrangement of small particles was 
also observed along the grain boundaries of this specimen (fig. 9). A greater number of 
1. 29 atomic percent oxygen (fig. 10). Particles also were observed in this specimen 
both at grain boundaries and within the grains. 

Residue extraction and identification . - To identify oxides formed internally during 
doping of T-111, selected specimens were dissolved in a methanol - 15-volume-percent 
bromine solution. No residue was recovered from the undoped T-111 specimen, which 
contained 0. 06 atomic percent oxygen. However, residues were recovered from all 
other specimens, as indicated in table III. Results from chemical and optical spectro- 
graphic analyses indicated that the concentrations of tantalum and tungsten were higher 
in residues from as-doped specimens than from specimens annealed after doping. Con- 
versely, the concentration of hafnium in residues from annealed specimens was con- 
siderably higher than in residues from nonannealed specimens. 

The presence of oxide particles in oxygen-doped specimens before and after anneal- 
ing was confirmed by X-ray diffraction analyses on extracted residues (tables IV and V). 
The oxides present in these residues were identified by comparison of X-ray diffraction 
patterns obtained in this study with those reported in references 18 to 29. These anal- 
yses showed that the recovered residues prob^ly contained Ta 20 g, WOg, WOg, Hf 02 , 
possibly TagO, Ta^O, and Ta20 suboxides, and some strong X-ray diffraction lines 
(d-spacing values of 1. 772, 1. 562, 1. 515, and 1. 001) that could not be indexed with any 
known oxides of tantalum, tungsten, or hafnium. These unidentified lines were subse- 
quently attributed to HfgO, based on the calculated pattern of Hf^O assuming a structure 
analc^ous to Zr^O (using the data reported in refs. 30 to 33). Therefore, it is concluded 
that the residues also contained HfgO, in addition to the tantalum, tungsten, and hafniiun 
oxides. 

The relative content of hafnium oxides in the extracted residues also can be deduced 
from the X-ray diffraction data. It is apparent from the data in tables IV and V that the 
number of hafnium oxide X-ray diffraction lines increases with increasing oxygen con- 
tent and also increases after annealing at 1320° C for 2 hours. This suggests that the 
amount of hafnium oxide in Ta-111 increased with increasing oxygen content and with 
annealing, in agreement with analyses of the extracted residues as reported in table III. 

Thus, during doping, hafnium did not getter a major portion of oxygen as might 
have been expected from consideration of the free energies of formation of tantalum, 
tungsten, and hafnium oxides (ref. 34). However, annealing of oxygen-doped specimens 
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at 1320° C for 2 hours did result in hafnium gettering oxygen from tantalum and tungsten 
oxides and from solution to form a substantial quantity of hafnium oxides. The gettering 
of oxygen to form highly stable hafnium oxides is probably the reason Sessions and 
DeVan (ref. 9) observed such a marked improvement in the resistance of oxygen-doped 
and annealed T-111 to corrosion by lithium at 1000° C. 


SUMMARY OF RESULTS AND CONCLUSIONS 

A study was conducted to determine the nature of interactions in the oxygen- T-111 
system. The major results and conclusions from this study are; 

1. T-111 can be reproducibly doped to predetermined oxygen levels at 820° and 
990° C at an oxygen pressure of about 4x10"^ newton per square meter (SxlO"'^ torr). 
Specimen preannealing has no detectable effect on the doping reaction. 

2. Based on the relatively low -temperature dependence of the doping reaction, the 
initial rates of oxygen pickup by T-111 at 820° and 990° C are probably controlled by 
the solution of oxygen rather than by the diffusion of oxygen in the T-111 alloy matrix. 

3. Oxygen distribution is not uniform, and large oxygen concentration gradients are 
formed in doped T-111. Oxygen was present in doped specimens both in solution and as 
precipitated oxides. These oxides were primarily oxides of tantalum, with lesser 
amounts of tungsten and hafnium oxides, reflecting the respective contents of these 
elements in T-111. 

4. Heat treatment of oxygen-doped specimens at 1320° C for 2 hours tends to ho- 
mogenize the oxygen distribution and promotes the reaction of hafnium with oxygen in 
solution and with oxides of tantalum and tungsten to form a precipitate consisting pri- 
marily of hafnium oxides. 

5. Tungsten oxide volatilizes slightly from the surface of T-111 during doping at 
990° C and an oxygen pressure of 4x10'^ newton per square meter (3x10"^ torr) but not 
at 820° C. The volatilization of tungsten oxide has no apparent effect on the doping re- 
action. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, June 23, 1975, 

505-01. 
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TABLE I. - ANALYSES OF TANTALUM T-111 


AND Ta-2Hf ALLOYS 


Impurity 

Concentration, 
ppm by wt 

Impurity 

Concentration, 
ppm by wt 

T-111 

Ta-2Hf 

T-111 

Ta-2Hf 

Carbon^ 

95 

88 

Cobalt 

5 

1 

Nitrogen^ 

20 

23 

Copper 

1 

1 

Oxygen^ 

55 

62 

Iron 

50 

35 

Hydrogen^ 

2 

3 

Molybdenum 

150 

140 

Hafnium^ 

^2.2 

^2.1 

Nickel 

10 

20 

Tungsten^ 

N.9 

5 

Niobium 

250 

160 

Aluminum 

5 

4 , 

Silicon 

1 

5 

Boron 

1 

1 

Vanadium 

2 

1 

Chromium 

1 

1 





^Elements determined by chemical analyses. All other 


elements determined by optical spectrographic analysis. 
^Values expressed in wt %. 


TABLE II. - CONCENTRATION OF OXYGEN IN 
TANTALUM T-111 ALLOY SAMPLES AS 
DETERMINED BY WEIGHT DIFFERENCE 
AND GAS FUSION METHODS 

[Oxygen, nitrogen, and carbon were determined 
by inert-gas fusion, modified Kjeldahl 
(ref. 10), and combustion methods, respec- 
tively.] 


Sample 

Oxygen concentra- 
tion, at. % 

Nitrogen 
content, 
at. % 

Carbon 
content, 
at. % 

Weight 

difference 

Inert-gas 

fusion 

1 

— 

0.06 

0.03 

0. 14 

2 

0. 27 

.32 

.01 

. 18 

3 

.43 

.45 

.02 

. 16 

4 

.65 

.62 

.02 

— 

5 

.97 

.99 

.02 

. 15 

6 

1.43 

1.47 

.02 

. 14 

7 

2.00 ^ 

1. 90 

.02 

— 

8 

2.88 

2.65 

.02 

. 14 





TABLE m. - OXIDES EXTRACTED FROM OXYGEN-DOPED 


TANTALUM ALLOY SAMPLES 


Sample 

Oxygen con- 
centration, 
at. % 

Doping tem- 
perature, 

— 

Annealing 

tempera- 

ture, 

(a) 

Elements present 
in residues, 
wt%'^ 

Oxides present in 
residues 

(c) 

Ta 

Hf 

W 

1 

0.06 

-- 

... 

1320 

-- 

-- 

-- 

No residue 

2 

. 18 

820 

1320 

50 

44 

6 

Ta-, Hf-, 

W-oxides 

3 

.26 



— 

76 

3 

18 



4 

.34 



— 

72 

5 

22 



5 

.32 



1320 

40 

50 

8 



6 

.88 



— 

65 

15 

16 



7 

.92 



1320 

29 

61 

9 



8 

2.98 



1320 

25 

67 

8 



9 

.43 

990 

— 

58 

18 

12 



10 

. 97 

990 

1320 

23 

70 

7 




^Annealed for 2 hr at 1. 3xl0~^ N/m^ (10‘^ torr) pressure, 

I* 

^Analyzed by optical spectrographic and chemical methods. 
^Oxides identified by X-ray diffraction analyses. 




TABLE rV. - X-RAY DIFFRACTION PATTERNS FOR OXIDES EXTRACTED FROM NONANNEALED AND ANNEALED* 
OXYGEN-DOPED T-111 SAMPLES DOPED WITH OXYGEN AT 820° C 


Oxygen con- 
centration, 
at. % 

T-111 con- 
dition 

d- Spacing, 
A 

Inten- 

sity 

(b) 

Oxide 

Oxygen con- 
centration, 
at. % 

T-111 con- 
dition 

d-Spacing, 

A 

Inten- 

sity 

(b) 

Oxide 

0. 25 

Nonannealed 

6.61 
3.83 
3.67 
3.60 
3.45 
2.826 
2.720 
2.343 
2.283 
2 . 120 
2. 109 

2.036 
1.929 
1.914 
1.856 
1.838 
1. 799 
1.679 
1.600 
1. 549 
1. 539 
1. 428 
1.400 
1.367 
1.346 
1. 305 

1.036 

VW 

w 

w 

w 

w 

vs 

s 

M 

VW 

VW 

VW 

w 

VW 

VW 

VW 

VW 

w 

w 

w 

VW 

VW 

VW 

w 

w 

VW 

VW 

VW 

Ta 20 

Ta 2 <>, WO 3 
HfOg; Ta^Og 
HfO„ 

WO 2 

HfOg 

Ta 20 

Ta«0 

Ta^O 

TagO, Ta 20 g 

T^^5 

WO, 

Ta^O 

WO 3 

Ta 20 , Hf 02 
Hf 02 *, TagO 
TOaOg; Hf 30 

TagO, HfOg 
HfOg; Ta^O 
WO 2 

Ta 20 , Hf 02 

'^^2^5 
WO 2 ; TagO 
TagO 

TagO, Ta^O 
Ta 20 , Ta 02 
TagO, Ta 20 

0,92 

Annealed 

2.597 
2, 503 
2.325 
2.285 

2.040 
1.802 
1.768 
1.698 
1.656 
1.639 
1. 555 
1. 514 
1.463 
1.371 
1.312 
1.260 
1.233 
1 . 172 
1. 154 
1. 129 
1. 125 
1.088 
1.050 
1.032 
1.001 

W 

M 

VW 

VW 

VW 

S 

M 

VW 

W 

VW 

M 

S 

W 

VW 

VW 

W 

W 

M 

W 

W 

W 

VW 

VW 

W 

W 

Hf 02 

Hf 30 ; WO 3 
Hf 02 ; TagO 
Ta^O 

WO 3 

TagOg; Ta^O, HfOg 
Hf 02 ; Ta 20 g 
WO 2 

HfOg; Ta 20 
WO 3 ; Hf 02 
HfaO, WO 3 ; Ta 20 g 
HfaO 

WO 2 ; Ta20g; HfOg 

TazOg; WO 3 

WO 3 ; Hf 02 ; TazO 
HfgO, HfOg 
TagO, HfOz 
HfO, 

Ta/o 

Ta^Oj; HfOj 

TagO, HtOj 
Hf02- TajOj 
TagO 
HfjO 

2.97 

Annealed 

6 . 10 
5.09 
3.60 
3. 13 
2.966 
2.820 
2.597 
■2. 506 
2.325 
2.285 
2.040 
1.804 
1.768 
1.697 
1.635 
1.551 
1. 507 
1. 464 
1.441 
1.410 
1.369 
1.341 
1.306 
1.258 
1.200 
1 . 173 
1. 151 
1. 125 
1. 103 
1.088 
1.050 
1.032 
1.000 

VW 

VW 

M 

M 

VS 

M 

M 

M 

W 

W 

W 

S 

M 

W 

W 

M 

VW 

M 

VW 

VW 

VW 

VW 

VW 

M 

VW 

M 

W 

S 

VW 

W 

W 

M 

W 

'^^2^5 

HfOz 

HfOz; Ta^O 
HfOz 
Ta 20 
HfOz; 

HfOz 

HfjO, WO 3 
HfOz*, TagO 
Ta^O 
WO 3 

HfO,; Ta,0, Ta„0. 
HfOz; ^^205 
WOz 

HfOz', Ta^O, TazOg 
HfgO, WO 3 ; TazOg 

Hf 02 

TagOg; WOz; ”^^2 
TazOg; HfOz 
WOz*, HfOz 
WO3; TagO 
TazOg; TagO 
TagO, TaOg 
TagO; HfOg 

WOz; »f°2 
HfOg; TagO, TazO 
TazOg; HfOg 
Ta^O, TazOg 
HfOg 

TagO, HfOz 

HtOj; WO 3 

TagO 

HfjO 

0 . 18 

Annealed 

3.62 
3.47 
3. 13 
2.960 
2.827 
2.717 
2. 572 
2.483 
2.366 
1.801 
1.772 
1.698 
1.634 
1. 562 
1. 523 
1. 515 
1. 469 
1.264 
1.256 
1. 172 
1. 153 
1. 127 
1.088 
1.050 
1.033 
1 . 001 

VW 

w 

M 

VW 

s 

w 

w 

VW 

VW 

w 

M 

VW 

VW 

w 

VW 

M 

w 

VW 

w 

VW 

VW 

VW 

VW 

VW 

VW 

w 

Hf 02 ; Ta^O, WO 3 
WO 2 

HfOa; Ta20g 
Ta20 

Hf 02 ; WO 2 

Ta«0 

Ta02 

Hf 02 

^^2^5 

Hf 02 ; Ta^O, WO 3 
HfsO 

WO 2 ; WO 3 
HfO,,; Ta„Oc 
HfgO, WO 3 • 

Ta^O 
HfaO 

Ta20g; TagO 

Ta^O 

Hf 02 

TagO, Ta^O 

Ta,0 

Ta'o 

HfOg; WO 3 
WO 3 ; Hf 02 
Ta,0 
HfjO 

0. 92 

Annealed 

6.20 

5.03 

3.60 

’ 3 . 13 

2.962 

2.794 

VW 

w 

w 

w 

vs 

VW 

T^2^5 

HfOa 

Hf 02 ; Ta^O 

Hf 02 ; WO 3 

Ta20 

Hf30 


^At 1320° C for 2 hr. 

^M, medium; S, strong; W, weak; V, very. 




TABLE V. - X-RAY DIFFRACTION PATTERNS FOR OXIDE EXTRACTED FROM NONANNEALED AND ANNEALED' 
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1.051 W TagO 

0.97 Annealed 6.20 VW Ta 20 g 1.032 M Ta 0 O 

5.06 W HfOg 1001 M HfjO 

3.61 M HfO„ Ta.O 



Calculated weight gain, g/cm 



Figure 1. - Typical calibration curve for oxygen doping of 
T-lll tantalum alloy sheet specimens at a specific oxy- 
gen pressure by flux limited method. 


.002r— 



Figure 2. - Dependence of oxygen pick up by T-lll on 
annealing and oxygen-doping temperatures for sheet 
specimens. Weight gains calculated from oxygen 
counts using relationship shown in figure 1. 



Figure 3. - Dependence of oxygen pick up by Ta-2Hf on 
annealing and oxygen-doping temperatures for sheet 
specimens. Weight gains calculated from oxygen 
counts using a curve similar to that of figure 1 but 
obtained for Ta-2Hf. 




Diamond prism hardness, kg/mm' 


o 

concentration, 

at. % 
^21 

□ 

2.10 


Q 

1. 89 


O 

1.37 


O 

.99 


A 

.77 


O 

.44 


O 

.33 



.06 




0 . 005 . 010 . 015 . 020 . 025 . 030 . 035 . 040 . 045 

Distance from the surface, cm 

Figure 5. - Microhardness traverses for the T-lll tantalum alloy samples doped at 990P C. 


Oxygen 

concentrMion, 
at. % 

2.96 
1.82 
1.56 
1. 38 
.06 


0 . 005 . 010 . 015 . 020 . 025 . 030 . 035 . 040 . 045 

Distance from the surface, cm 

Figure 6. - IVlicrohardness traverses for the T-111 tantalum alloy samples doped with oxy 
gen at 820P C and annealed at 1320P C for 2 hours. 
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Rgure 8. - Transmission electron photomicrograph of oxide particles in Figure 9. - Transmission electron photomicrograph of oxide particles at 

T-111 alloy doped at 820° C and containing 0.65 atomic percent oxygen grain boundaries in T-111 alloy doped at 820° C and containing 0.65 

atomic percent oxygen. 




Rgure 10. - Transmission electron photomicrograph of oxide particles in 
T-111 alloy doped at 820° C and containing 1.29 atomic percent oxygen. 
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